Introduction
As predicted by relaxation theory, the longitudinal relaxation time of most tissues is expected to show a strong dependency on temperature. The dependency on temperature is caused by the rotational and translational motion of the water protons which affects their corresponding correlation times. [1] The exact knowledge of the temperature coefficient is important when translating findings from post mortem MRI to in vivo conditions or when using MRI for thermometry such as during hypothermia or cryotherapy. [2] While the temperature dependency of T 1 has been assessed for the corticospinal fluid (CSF), it remains largely unknown for different human brain tissue types. [3] Given that formalin fixation alters the tissue microstructure and, thus, relaxation properties, conclusions about temperature dependency of relaxation rates can be hardly drawn from fixed tissue. The purpose of this work therefore was to investigate the exact temperature dependence of the T 1 relaxation time in different brain structures. The brain samples were scanned unfixed directly after death. To evaluate the effect of the fixation the tissue was additionally scanned after approximately 190 days of formalin fixation.
Methods
Coronal brain slices (10 mm thick) from five deceased subjects (mean age = 70 years) with an autopsy requested by the local health authorities were included in this study. To increase the stiffness of the unfixed tissue the brain slices were embed in agar gel (14g/l), vacuum packed and mounted in a plastic sphere with a diameter of 180 mm. During 3T MRI, the sealed plastic sphere was flushed with water at controlled temperatures between 4°C and 37°C. The temperature of the brain slice was measured continuously during the entire heating/cooling and scanning period by an optical measurement device. T 1 relaxation time was acquired using a turbo inversion recovery (TIR) sequence with TE/TR = 6.4/8000 ms, 4 inversion times (TI = 200, 800, 1600, 3200 ms), and an in-plane resolution of 0.8 mm 2 . The T 1 relaxation times were calculated for pre-specified ROIs in the basal ganglia, thalamus, cortex and subcortical white matter. Temperature coefficients were obtained by linear regression analysis according to
where T 1,0 is the offset and T 1,C the temperature coefficient.
After MRI, the samples were fixated with 4% formaldehyde for approximately 190 days. The fixed samples were subsequently measured using an identical protocol.
Results
A linear relationship between temperature and T 1 in the range of 4°C to 37°C was found. The cortex demonstrated the strongest temperature dependency followed by the basal ganglia, thalamus and white matter ( Table 1) . The formalin fixation substantially reduced the total T 1 relaxation time as well as the temperature coefficient in all regions investigated. 
Discussion
Based on the relaxation theory of Bloembergen et al. [4] , the effect of temperature on T1 was modelled by Bottomley et al. [5] , Nelson and Tung [1] and Young et al. [6] . Nelson and Tung described the Fast Exchange Two State (FETS) model predicting a relationship between T 1 and the term exp(-Ea / kT) where Ea is the activation energy in eV, k the Boltzmann constant and T the absolute temperature in Kelvin. Over a small range of temperature, the relationship between temperature and T 1 can be assumed to be linear as described above.
The T 1 temperature dependency of unfixed and fixed brain tissue was linear and thus in line with theoretical predictions. Our results indicate that the temperature coefficient strongly depends on cellular structures which can restrict the molecular mobility. In contrast to gray matter, the myelinated fibers in white matter cause an anisotropic restriction which may, in addition to a lower water content, explain the significantly lower temperature coefficient. Fixation with formalin reduces the water content of the tissue, which leads to a lower temperature coefficient and T 1 relaxation time compared to in vivo or unfixed post mortem tissue. Dawe et al. [7] reported that the T 2 relaxation time is changing with the fixation duration of the tissue and reaches a constant level after 3 months of fixation. The high variation in our results of the fixed tissue could indicate that also the T 1 relaxation time additionally might depend on the fixation duration. However, no systematic studies of the fixation effect on T 1 are available.
In conclusion, T 1 shows a linear dependency over a large range of temperatures. The temperature coefficient for T 1 mainly depends on cellular organization and therefore leads to substantial regional variations. The coefficients obtained in this study can serve as reference for thermometry or for correcting and comparing quantitative postmortem MRI to in-vivo results.
